This paper studies the diffuse field sound absorption coefficient of a system consisting of a rigid perforated panel with a thin porous woven/matted material glued to its back, which is placed in front of an air cavity with a rigid backing. To cut the cost of trial and error diffuse field sound absorption coefficient measurements, a prediction method was developed.
This paper studies the diffuse field sound absorption coefficient of a system consisting of a rigid perforated panel with a thin porous woven/matted material glued to its back, which is placed in front of an air cavity with a rigid backing. To cut the cost of trial and error diffuse field sound absorption coefficient measurements, a prediction method was developed.
Measurements were made in a two-microphone impedance tube of the complex specific acoustic impedances of the un-perforated rigid panel materials, and of the thin porous materials in front of a rigidly terminated air cavity. These values were used in the transfer matrix method to predict the complex specific acoustic impedances of the perforated panels systems as a function of the angle of incidence of the sound. These calculations assumed the systems to have infinite or finite lateral extent. The measured diffuse field sound absorption coefficient values usually lay between the infinite and finite predictions. The most important variables are the perforation factor of the panel, the acoustic resistance of the thin porous material and the cavity depth.
INTRODUCTION
Trial and error can be an expensive task when developing new materials for perforated panel systems. To reduce the cost of diffuse field sound absorption measurements, prediction methods have been used for modeling these perforated panel systems. Bolt 1 first approximated the specific acoustic impedance of a perforated metal panel by calculating the specific acoustic reactance of the air in a cylindrical hole, and adding the viscous resistance acting on the plug of air. The specific resistance and reactance of a 1 inch thick bulk porous absorber was added to that of the plug of air.
This theory was revised for the case when the perforated panel was backed by a thin resistive textile instead of a bulk porous absorber 2 . However, for thicker panels, the theoretical and measured diffuse field sound absorption coefficient results would differ at high frequencies [2] [3] . This is due to the fact that a locally reacting system with the ideal total resistance of close to 1.6 times the characteristic impedance of air ( 0 ) for optimal diffuse field sound absorption 4 should have high sound absorption properties under the presumption of this method (Equivalent circuit method -ECM), but in reality, there is a drop in performance in the high frequencies 5 . To rectify this, the transfer matrix method is implemented to take into account the change of specific acoustic impedances of layers 6 , dependent on the previous layer's specific acoustic impedance.
The complex specific acoustic impedance of the apertures of the perforated panel was calculated by using predictions of the complex characteristic acoustic impedance and complex wavenumber of the apertures of the perforated panel 7 , and using the transfer matrix method [8] [9] to implement the acoustic impedance at the front of the system. The complex specific acoustic impedance of the thin porous material is added to the complex specific acoustic impedance of the air cavity, where the perforation ratio of the panel divides the impedance of the thin porous material. Unlike micro-perforated panels (MPPs) [10] [11] [12] , perforated panels need resistance added to the system to improve the diffuse field sound absorption coefficient across multiple frequencies, due to the large size of the perforations in the panel. These panels also differ from MPPs due to the higher perforation ratios of the panel, which if able to be structurally integral, can have perforation ratio of up to 0.5. However, from an industry standpoint, architects prefer lower perforations. Thus a range of panels with perforation ratios from 0.100 to 0.263 have been used in this paper.
The complex specific impedance of the panel material is placed in parallel with the complex specific impedance of the system, as this material can be absorptive. The infinite radiation impedance was originally used to predict the diffuse field sound absorption. However, this usually under-predicts compared to the measured values.
Therefore, the finite radiation impedance was used in the calculation of the diffuse field sound absorption [13] [14] . This method over-predicts the measured values, which means that the average between the infinite and finite analysis can be used as an estimate of the diffuse field sound absorption coefficient.
It must be stated that these measured reverberation room results were obtained from various industry reports where developing suitable thin resistive textiles was the basis of investigation. A typical reverberation room measurement of these MDF perforated panels and a resistive textile used is shown in Fig. 1 .
THEORY

Prediction of the diffuse field sound absorption coefficient of an infinite perforated panel
In theory, the specific acoustic impedance of the rigidly terminated air cavity , at the back of the holes in the perforated panel is considered to be the first layer using the transfer matrix method, and thus needs to be calculated first,
where is the open-area perforation ratio of the panel, is the wavenumber of air, is the air cavity depth, and is the angle of incidence. The reason for the multiplication of the perforation ratio here is the difference between the acoustic particle velocity inside and outside the holes.
End corrections of the perforated panel need to be taken into account, as added resistance due to the viscous boundary of air at the surface of the panel and the reactance due to the radiation impedance of the holes are factors in the total impedance of the system 15 . The resistive end correction for one side of the panel can be calculated as;
where is the dynamic viscosity of air (1.84× 10 −5 ). Depending on if the perforation is shaped as a circle 15 or slit 16 , the reactance end correction can be calculated as;
where is the diameter of the circular perforation, and is the width of the slit perforation.
Here, the measured complex specific acoustic impedance of the thin porous material is added to the impedance of the air cavity 17 and the end corrections, as the combination of all three can be considered to be a single layer with a specific acoustic impedance of 1 .
End corrections for a resistive textile can be calculated theoretically 18 to take into account the interaction between the pores in a textile (which can be calculated for a woven material) and the dynamic tortuosity of the textile. Since the impedance of the textile is measured, these end corrections are included in the measured data.
To calculate the specific acoustic impedance of the perforated panel using the transfer matrix method, the complex characteristic impedance and complex wavenumber of the perforated panel needs to be calculated 7 . These values are calculated using the effective density and the effective bulk modulus . For circular apertures, the bulk modulus (at 18°C) can be calculated by;
where is the adiabatic constant of air, is the ambient mean pressure, is the square root of the Prandtl number (√0.71), and is the n th order Bessel function of the first kind. is equal to;
where is the angular frequency, 0 is the density of air, is the radius of the aperture, and is the viscosity of air.
These previous two equations can be modified for slits 7 ;
The effective density is then calculated, for both circular apertures and slits
From these calculations, the complex characteristic impedance and complex wavenumber ′ of the perforated panel can be calculated;
There needs to be an angular dependent term when calculating the specific acoustic impedance of the apertures in the perforated panel. This is obtained when calculating the component of the vector of the complex wavenumber in the direction perpendicular to the face of the panel ′ 3
With these values, the specific acoustic impedance of the apertures in the panel 0 can now be calculated
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here for the surface side of the panel. To obtain the total impedance of the system, the material impedance of the panel needs to be incorporated into the system, as materials such as MDF (medium density fibreboard) have absorptive properties in the high frequency range. The panel material impedance of an unperforated sample is used in parallel with the aperture impedances, to give the total impedance of the system;
The diffuse field sound absorption coefficient can then be calculated for the entire system using the commonly found equation
Calculation of the diffuse field absorption coefficient for a finite size panel
The radiation impedance of a finite size panel was also used to calculate the diffuse field sound absorption coefficient, as this method tends to boost the diffuse field sound absorption coefficient values across all frequencies. This was performed by calculating the normalized complex finite radiation impedance [13] [14] . Firstly, the real part of the normalized finite radiation impedance must be calculated:
where is the area of the perforated panel, and the high frequency approximation of the normalized finite impedance is
where and are the length and width of the perforated panel respectively, and = 0.956.
The imaginary part of the normalized radiation impedance is calculated by
where
and
The complex specific acoustic impedance of the system is then calculated in the same way as the in infinite case. However, the calculation of the diffuse field absorption coefficient is slightly different:
Here, the two cos values will cancel each other out, resulting in the following equation
The equation can now be solved without problems due to the case when = /2.
RESULTS
Three thin porous materials were selected to be measured in the two-microphone impedance tube. Their impedances were used in the prediction model and compared to that of the measured reverberation room data. The flow resistance and production method of the three materials are shown in Table 1 . This measurement is performed in both a low frequency and a high frequency two-microphone impedance tube 19 (100 mm and 29 mm diameters respectively), so a wide range of frequencies are measured (172 -5936 Hz). This was performed by gluing the material to a metal mount, so the thin porous material is free standing, slightly less than one-quarter of the wavelength of the maximum frequency away from the rigid backing (this is to prevent any air cavity resonance appearing in the measurement 20 ). The complex specific acoustic impedance of the air cavity used in the measurement is then subtracted from the measurements, so only the complex specific acoustic impedance of the material is added to the theoretical impedance of the air cavity behind the system whose sound absorption is being calculated.
For the panel material impedance, an unperforated MDF block was measured in the two-microphone impedance tube, when rigidly-backed, and in front of two air cavity depths. As seen in Fig. 2 , the specific acoustic impedance of the 12 mm thick MDF block in front of two air cavities, has very similar values, which are different to those of the rigidly-backed sample, which has generally lesser magnitude values of specific acoustic impedance throughout most of the frequency range. Both the rigidly backed and 42.8 mm air cavity case impedance values of MDF were used in predictions during investigation, and it was found that the case where MDF was backed by an air cavity improved the agreement between the theoretical and measured diffuse field sound absorption coefficients for multiple systems, compared to that of the rigidly-backed MDF case. As these panel configurations were measured in a reverberation room where the panels were mounted in front of an air cavity, using the MDF impedance in front of an air cavity is appropriate for predicting the measured reverberation room data (where flexing of the MDF panel can occur).
As shown in Fig. 3 
where = tan( ′ ), and 1 is the normalized specific acoustic impedance of the addition of the air cavity and the resistive material behind the perforated panel. If 1 is then broken up into real and imaginary parts ( and respectively), 0 becomes;
The real part of this equation becomes;
In other words, the resistance of the panel is dependent on the specific acoustic impedance of the air cavity, material resistance and mass, end corrections, and thickness of the panel. Ideally, the mass of the holes in the resistive textile would cancel out with the stiffness of the air cavity, but as this is extremely difficult to implement in real circumstances, the values of were calculated using the imaginary parts of Eqn. (5),
where the mass of the textile is 0. is considered to be the resistance of the textile and the resistive end correction of one side of the panel.
In Fig. 7 , the ideal value of the normalized resistance of the diffuse field system As shown in Table 2 , the predicted NRC values are the same or one 0.05 increment higher or lower than the measured NRC values. 
CONCLUSION
